Higgs bosons in supersymmetric model with CP-violating potential by Oshimo, Noriyuki
ar
X
iv
:1
51
1.
06
84
6v
1 
 [h
ep
-p
h]
  2
1 N
ov
 20
15
OCHA-PP-337
Higgs bosons in supersymmetric model
with CP-violating potential
Noriyuki Oshimo
Department of Physics, Ochanomizu University, Tokyo, 112-8610, Japan
(Dated: February 18, 2018)
Abstract
In the supersymmetric standard model which is not minimal, the Higgs potential does not
conserve CP symmetry generally. Assuming that there exists an SU(2)-triplet Higgs field, we
discuss resultant CP-violating effects on the Higgs bosons. The experimentally observed Higgs
boson, which should be CP-even in the standard model, could decay into two photons of CP-odd
polarization state non-negligibly. For the second lightest Higgs boson, in sizable region of parameter
space, the dominant decay modes are different from those expected by the standard model. The
two-photon decay could yield both even and odd CP final states at a ratio of oder of unity.
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I. INTRODUCTION
Now that the last missing piece of the standard model (SM), the Higgs boson, has been
discovered [1], it would become a main subject in particle physics to pursue theory beyond
the SM. However, there are not many phenomena observed which can provide clues to the
new theory. Examining the Higgs boson and its related phenomena from various aspects is
thus very important. In experimental measurements for the Higgs boson, the production
cross section [2] and the branching ratios of the decays intoWW ∗ [3], ZZ∗ [4], and γγ [5] are
not inconsistent with the SM. However, there seems to be sizable room for allowing theory
which deviates from it. The awaited clues may possibly be found in studying the Higgs
boson.
From a theoretical point of view, supersymmetry may be considered one fundamental
symmetry existing in nature. If this conjecture is true, the Higgs sector of the resultant
model becomes very different from the SM. Even in the minimal supersymmetric extension
of the SM (MSSM), there exist three neutral Higgs bosons and a charged Higgs boson. More
involved extensions have more rich Higgs sectors. These differences for the Higgs sector
could become a informative guide for theory beyond the SM, and thus would be worth
studying. In particular, squarks and sleptons, typical particles evidential of supersymmetry,
may be inaccessible in near future experiments, owing to their possible large masses [6].
Supersymmetry might be examined only in the Higgs sector or indirect effects such as CP
violation [7].
We study violation of CP symmetry for the Higgs bosons of the supersymmetric model
in which the Higgs sector contains an SU(2)-triplet superfield besides ordinary two doublet
ones. This CP symmetry is conserved in the Higgs sector at tree level within the frame-
work of the SM or of the MSSM. However, the additional superfield violates CP invariance
generally at tree level. All the complex coefficients of the Lagrangian cannot be eliminated
by redefining particle fields, unless some accidental cancellation is assumed. Consequently,
the Higgs bosons in mass eigenstates become linear combinations of CP-even and CP-odd
scalar fields. The mass spectrum is not determined trivially by magnitudes alone of the
coefficients. Conservation of CP symmetry is no more respected in the interactions of the
Higgs bosons with the quarks and leptons. Such a triplet superfield could be predicted by
the SU(5) grand unified theory which contains a 24 dimensional Higgs boson.
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One possible effect of CP violation for the Higgs bosons could appear in the decay into
two photons [8]. This decay process is generated at one-loop level, to which the t quark, b
quark, or W boson contributes dominantly. Since the Higgs boson is not in a CP eigenstate,
both CP-even and CP-odd final states are induced for polarization of the two photons. This
CP-violating effect can be observed even if the supersymmetric R-odd particles are all heavy
and undetectable in near future experiments. We discuss disagreement of CP eigenstate and
mass eigenstate for the Higgs bosons, and perform numerical analyses of the widths for
polarization states which could be detected by measuring the polarization planes of the
photons.
In the MSSM it may be possible that radiative corrections by the interactions with the
t squarks generate mixing of CP-even and CP-odd fields for the Higgs boson [9]. However,
experimental upper bounds on the electric dipole moment of the neutron tells that the u
and d squark masses should be at least of order of a few TeV if CP-violating phases of
relevant coefficients are not suppressed. Assuming that the squark masses do not depend
much on their generations, the possible mixing of CP eigenstates becomes small. The super-
symmetric model with the additional triplet Higgs field has been studied in the literature
[10], though CP invariance is assumed by taking relevant coefficients real. Non-conservation
of CP symmetry yields different aspects for phenomenological features.
In sect.II our model is briefly described. In sect.III, calculating mass eigenstates for the
Higgs bosons, we obtain their interactions with the quarks and gauge bosons. In sect.IV we
discuss the polarization CP eigenstates for the two-photon decay of the Higgs boson. The
mixing of CP-even and CP-odd final states is studied numerically in sect.V. Discussions are
given in sect.VI.
II. MODEL
The supersymmetric standard model may contain, under grand unified theory, a Higgs
superfield of SU(2) triplet. In the SU(5) model, the Higgs sector consists of the superfields
belonging to 5, 5¯, and 24 representations, being denoted respectively by H , H¯ , and Φ5. The
superpotential is given by
W = MHH¯H +
1
2
MΦ5Tr[Φ
2
5 ] +
1
3
λΦTr[Φ
3
5 ] + λHΦH¯Φ5H. (1)
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After spontaneous breaking of SU(5) gauge symmetry, it could happen that the SU(3)-singlet
component of Φ5 receives a mass much smaller than the grand unification scale, as H and
H¯ should do. Then, the Higgs sector of the supersymmetric standard model is described by
the superpotential
W = −µHH1ǫH2 + 1
2
µΦTr[Φ
2]− λH1ǫΦH2, (2)
where H1, H2, and Φ are transformed as (1, 2,−1/2), (1, 2, 1/2), and (1, 3, 0) under
SU(3)×SU(2)×U(1) gauge symmetry, respectively, with ǫ being the antisymmetric tensor
of rank 2. The dimensionless parameter λ and the mass parameters µH and µΦ have all
complex values generally. The supersymmetry soft-breaking terms of the Lagrangian density
are expressed as
LSB = m21H1ǫH2 −
1
2
m22Tr[Φ
2] +m3H1ǫΦH2 +H.c.
−Re(M2H1)|H1|2 − Re(M2H2)|H2|2 − Re(M2Φ)Tr[Φ†Φ], (3)
where the scalar fields are denoted by the same symbols as their corresponding superfields.
The mass parameters m1, m2, and m3 have generally complex values. The parameters M
2
H1,
M2H2, and M
2
Φ have mass-squared dimension. We write the contents of the Higgs fields Φ,
H1, and H2 as
Φ =
1√
2
(
φ0
√
2φ+
√
2φ− −φ0
)
, (4)
H1 =
(
h01
h−1
)
, H2 =
(
h+2
h02
)
. (5)
The neutral components are expressed by
φ0 =
1√
2
(φR + iφI), (6)
h01 =
1√
2
(h1R + ih
1
I), h
0
2 =
1√
2
(h2R + ih
2
I), (7)
where the fields with index R or I are real scalar bosons.
The terms of the scalar potential at tree level which consist only of the neutral components
are given by
V0 = M
2
1 |h01|2 +M22 |h02|2 +M23 |φ0|2
+ r1(|h01|4 + |h02|4) + r2|h01|2|h02|2 + r3(|h01|2 + |h02|2)|φ0|2
4
+ {−m21h01h02 +
1
2
m22φ
0φ0 − 1√
2
λµ∗H(|h01|2 + |h02|2)φ0
+
1√
2
λµ∗φφ
0∗h01h
0
2 +
1√
2
m3φ
0h01h
0
2 +H.c.}, (8)
where the coefficients are defined as
M21 = |µH |2 + Re(M2H1), M22 = |µH|2 + Re(M2H2), M23 = |µφ|2 + Re(M2Φ),
r1 =
1
8
(g2 + g′2), r2 = −1
4
(g2 + g′2) +
1
2
|λ|2, r3 = 1
2
|λ|2. (9)
Here, g and g′ stand for the gauge coupling constants for SU(2) and U(1), respectively. The
mass-squared parameters M2i (i=1-3) and the dimensionless parameters ri (i=1-3) have real
values.
Besides the tree-level terms, the scalar potential receives sizable contributions from ra-
diative corrections. Among them, the dominant contribution is mediated by the t quark
and t squarks [11]. Denoting the t-quark mass and t-squark masses by mt and Mti (i =1,2),
respectively, the correction terms at one-loop level is given by
V1 = − 3
16π2
m4t
(
log
m2t
Λ2
+
1
2
)
+
3
32π2
M4t1
(
log
M2t1
Λ2
+
1
2
)
+
3
32π2
M4t2
(
log
M2t2
Λ2
+
1
2
)
, (10)
where Λ is an appropriate energy scale. The t quark receives a mass from the vacuum
expectation value (VEV) of the Higgs boson,
m2t = |ηt〈h02〉|2, (11)
with ηt being a coupling constant. For simple and definite calculations, we approximate the
t-squark masses at
M2t1 = |ηt〈h02〉|2 + Re(M2Q), M2t2 = |ηt〈h02〉|2 + Re(M2Uc), (12)
where M2Q and M
2
Uc stand for mass-squared parameters arising from supersymmetry soft-
breaking terms. The energy scale Λ is taken as
〈−2m2t
(
log
m2t
Λ2
+ 1
)
+M2t1
(
log
M2t1
Λ2
+ 1
)
+M2t2
(
log
M2t2
Λ2
+ 1
)
〉 = 0 (13)
for convenience.
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III. INTERACTIONS
The mass eigenstates for Higgs bosons, which participate in interactions with other parti-
cles, are determined by the scalar potential V . The potential is given by the sum of the tree
level potential in Eq. (8) and one-loop corrections in Eq. (10), V = V0+V1. In general, this
potential has five complex parameters λµ∗H , λµ
∗
φ, and mi (i=1-3). Although two coefficients
can be made real by redefining phases of the fields, three coefficients remain complex, leading
to CP violation. Taking m21 and m
2
2 for real without loss of generality, we define m
2
1 = |m21|,
m22 = −|m22|, λµ∗H = |λµ∗H |eiα1 , λµ∗φ = |λµ∗φ|eiα2 , and m3 = |m3|eiα3 .
Owing to the complex coefficients, the VEVs of the Higgs bosons become complex. As-
suming that electromagnetic symmetry is not broken, we express the VEVs as
〈h01〉 = v1eiθ1 , 〈h02〉 = v2eiθ2 , 〈φ0〉 = v0eiθ0 , (14)
where v1, v2, and v0 are the absolute values. The masses of the Z and W bosons then
become
MZ =
1√
2
√
(g2 + g′2)(v21 + v
2
2), (15)
MW =
1√
2
g
√
v21 + v
2
2 + 4v
2
0, (16)
so that the ρ parameter is given by
ρ =
v21 + v
2
2 + 4v
2
0
v21 + v
2
2
. (17)
Since the complex phases θ1 and θ2 appear as a linear combination θ1 + θ2 (≡ θ) in the
potential, only this combination is determined at the vacuum in our scheme. The extremum
conditions of the potential V for v1, v2, v0, θ, and θ0 are respectively given by
v1
{
M21 + 2r1v
2
1 + r2v
2
2 + r3v
2
0 −
√
2v0|λµ∗H| cos(α1 + θ0)
}
=
v2
{
|m21| cos θ −
1√
2
v0|λµ∗φ| cos(α2 − θ0 + θ)−
1√
2
v0|m3| cos(α3 + θ0 + θ)
}
, (18)
v2
{
M22 + 2r1v
2
2 + r2v
2
1 + r3v
2
0 −
√
2v0|λµ∗H| cos(α1 + θ0)
}
=
v1
{
|m21| cos θ −
1√
2
v0|λµ∗φ| cos(α2 − θ0 + θ)−
1√
2
v0|m3| cos(α3 + θ0 + θ)
}
, (19)
v0
{
M23 + r3(v
2
1 + v
2
2)− |m22| cos 2θ0
}
− 1√
2
(v21 + v
2
2)|λµ∗H | cos(α1 + θ0) =
6
− 1√
2
v1v2
{
|λm∗φ| cos(α2 − θ0 + θ) + |m3| cos(α3 + θ0 + θ)
}
, (20)
|m21| sin θ =
1√
2
v0
{
|λµ∗φ| sin(α2 − θ0 + θ) + |m3| sin(α3 + θ0 + θ)
}
, (21)
|m22|v0 sin 2θ0 +
1√
2
(v21 + v
2
2)|λµ∗H| sin(α1 + θ0) =
− 1√
2
v1v2
{
|λµ∗φ| sin(α2 − θ0 + θ)− |m3| sin(α3 + θ0 + θ)
}
. (22)
The assumption in Eq. (13) leads to the equations 〈∂V1/∂h2R〉 = 〈∂V1/∂h2I〉 = 0, so that
these extremum conditions are the same as those for the tree-level potential V0.
The CP-even components and CP-odd ones of the Higgs scalar fields are mixed in the
mass eigenstates. The mass-squared matrix for the neutral fields is expressed by a 6×6 real
symmetric matrix, denoted by M. The elements of this matrix Mij is given in Appendix.
The matrix M is diagonalized by an orthogonal matrix O,
OTMO = diag
(
M˜2H1, M˜
2
H2, M˜
2
H3, M˜
2
H4, M˜
2
H5, M˜
2
H6
)
, (23)
where the eigenvalues M˜2Hi are in ascending order. The Higgs bosons in mass eigenstates
H˜0i are then expressed as
H˜0i = O1ih
1
R +O2ih
2
R +O3iφR + O4ih
1
I +O5ih
2
I +O6iφI . (24)
The Goldstone boson for spontaneous breaking of SU(2) symmetry is represented by H˜01 and
thus the value of M˜2H1 vanishes.
Neglecting generation mixing for the quarks, the interaction Lagrangian for the Higgs
bosons and the t or b quark is given by
L = − mt√
2v2
ψt
(
F iu
1− γ5
2
+ F i∗u
1 + γ5
2
)
ψtH˜
0
i
− mb√
2v1
ψb
(
F id
1− γ5
2
+ F i∗d
1 + γ5
2
)
ψbH˜
0
i , (25)
F iu = e
−iθ2(O2i + iO5i), F
i
d = e
−iθ1(O1i + iO4i),
where mb denotes the b-quark mass. Even if generation mixing for the quarks is absent,
CP invariance is not respected. It should be noted that the interactions of other u-type or
d-type quarks are described by the same equations, provided that mt or mb is replaced with
their masses. The interaction Lagrangian for the Higgs bosons and the W or Z boson is
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given by
L = gMW
√√√√ v21 + v22
v21 + v
2
2 + 4v
2
0
GiWW
+µW−µ H˜
0
i +
1
2
√
g2 + g′2MZG
i
ZZ
µZµH˜
0
i , (26)
GiW = cos β(O1i cos θ1 +O4i sin θ1) + sin β(O2i cos θ2 +O5i sin θ2)
+
4v0√
v21 + v
2
2
(O3i cos θ0 +O6i sin θ0),
GiZ = cos β(O1i cos θ1 +O4i sin θ1) + sin β(O2i cos θ2 +O5i sin θ2).
The Z boson does not couple to the SU(2)-triplet Higgs fields φR and φI .
IV. TWO PHOTON DECAY
The interactions of the Higgs bosons H˜0i (i=2-6) and the quarks could induce various CP-
violating phenomena. In particular, sizable effects may be observed in the processes which
quarks of the third generation participate in, since the coupling constants are generally
proportional to the masses and thus non-negligible. One such process is the decay of the
Higgs boson into two photons, which is generated dominantly through one-loop diagrams
mediated by the t or b quark and W boson [12]. This decay has been studied for new
particles which could mediate the process [13], though CP violation can also be probed.
In the two-photon decay, violation of CP invariance could be observed by measuring
polarization of the photons. At the rest frame of the Higgs boson , the helicities of two
photons are the same, both h = +1 or both h = −1. With u(±,p) denoting one photon
state with helicity ±1 and momentum p , the final state is written as u(+,p)u(+,−p) or
u(−,p)u(−,−p). These two states are transformed to each other by CP operation, so that
the eigenstates for CP-even and CP-odd are given respectively by
feven =
1√
2
[u(+,p)u(+,−p) + u(−,p)u(−,−p)] , (27)
fodd =
1√
2
[u(+,p)u(+,−p)− u(−,p)u(−,−p)] . (28)
Since the Higgs boson is in mixed state of CP-even and CP-odd components, both of these
final states appear, contrary to the SM Higgs boson. The two final states of CP-even and
CP-odd could be distinguished from each other by observing photon polarization planes. In
the CP-even state the polarization plane of one photon is parallel to that of another photon,
while in the CP-odd state the two planes are perpendicular to each other. This difference
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can be detected by examining the angular distributions of the leptons or quarks which the
photons internally convert to [14], owing to their correlations with the polarization planes.
The decay widths for the CP eigenstates feven and fodd are given by
Γeven =
e4
128π5
M˜Hi∣∣∣∣∣2mt3v2 Re(F
i
u)I(rt) +
mb
6v1
Re(F id)I(rb)−
g2
2MW
√
v21 + v
2
2 G
i
WK(rW )
∣∣∣∣∣
2
, (29)
Γodd =
e4
128π5
M˜Hi
∣∣∣∣2mt3v2 Im(F iu)J(rt) +
mb
6v1
Im(F id)J(rb)
∣∣∣∣
2
, (30)
rt =
M˜Hi
mt
, rb =
M˜Hi
mb
, rW =
M˜Hi
MW
, (31)
where the functions are defined by
I(r) =
2
r
[
1−
(
4
r2
− 1
)
f(r)
]
, (32)
J(r) =
2
r
f(r), (33)
K(r) =
r
4
+
3
2r
[
1−
(
4
r2
− 2
)
f(r)
]
, (34)
f(r) =
(
arcsin
r
2
)2
(r ≤ 2), (35)
= −1
4
(
log
r +
√
r2 − 4
r −√r2 − 4 − iπ
)2
(r > 2). (36)
The QCD corrections to the quark contributions are small [15] and thus have been neglected.
The two-photon decay is also mediated by other particles, among which the charginos,
the mixed states of charged Higgs fermions and SU(2) gauge fermions, could contribute siz-
ably to both CP-even and CP-odd widths. However, these contributions depend additional
model parameters, which makes the prediction less certain. Furthermore, non-negligible
contributions are received only if the mass of the lighter chargino is of order of 100 GeV
and thus accessible at LHC. In this study we do not incorporate the contributions mediated
by the supersymmetric R-odd particles, assuming that these particles have large masses
undetectable directly in the near future. The contributions from the charged Higgs bosons
are small compared to the W boson, and have also been neglected.
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V. NUMERICAL ANALYSES
The present model has various model parameters whose appropriate values are not known
well. Instead of solving the extremum conditions in Eqs. (18)-(22) for the VEVs, i.e. v1,
v2, v0, θ, and θ0, of the Higgs bosons, we express soft-breaking masses-squared Re(M
2
H1),
Re(M2H2), Re(M
2
Φ), |m21|, and |m22| in terms of the VEVs and the other parameters |λ|, |µH |,
|µφ|, |m3|, and αi (i=1-3). In case of sin θ = 0 or sin 2θ0 = 0, we take |m21| = |µHm3| or
|m22| = |µφm3|, respectively. As for the magnitudes of the VEVs, the Z-boson mass gives the
values of v1 and v2 from Eq. (15), with the ratio v2/v1 (≡ tan β) being left undetermined.
The value of v0 is then constrained by Eq. (16). We fix v0 at 3 GeV, which keeps the W
boson mass or ρ parameter compatible with the experimental value [16]. The remaining
parameters are soft-breaking masses-squared Re(M2Q) and Re(M
2
Uc) in Eq. (12).
Given parameter values, the masses of the Higgs bosons and the coupling constants for
the interactions in Eqs. (25) and (26) are determined. The lightest Higgs boson H˜02 is
considered to be the experimentally discovered particle. The mass has been known [17] and
the coupling constants are in rough agreement with the SM. The Higgs boson is produced
dominantly through the gluon fusion mediated by the t quark. Then, the production cross
section σ(H˜02 ) is proportional roughly to the square of the coupling constant for t and t¯. The
decay widths for b¯b, WW ∗, and ZZ∗ are also proportional to the square of their coupling
constants. Since the Higgs boson decays dominantly into b and b¯, the branching ratios
Br(WW ∗) and Br(ZZ∗) may be given by the ratios of their widths to the width for b¯b.
Therefore, the ratios of this model to the SM for the cross section and branching ratios
could be estimated roughly by the ratios of the coupling constants.
Allowing for uncertainty of our scheme and experimental results, we impose the following
constraints on the parameters,
M˜H2 = 121− 131 [GeV], (37)
σ(H˜02 )
σSM(H˜
0
2 )
≃ v
2
1 + v
2
2 + 4v
2
0
v22
|F 2u |2 = 0.6− 1.4, (38)
σ(H˜02 ) · Br(WW ∗)
σSM(H˜
0
2 ) · BrSM(WW ∗)
≃ cot2 β v
2
1 + v
2
2
v21 + v
2
2 + 4v
2
0
|F 2u |2
|F 2d |2
(G2W )
2 = 0.6− 1.4, (39)
σ(H˜02 ) · Br(ZZ∗)
σSM(H˜02 ) · BrSM(ZZ∗)
≃ cot2 β |F
2
u |2
|F 2d |2
(G2Z)
2 = 0.6− 1.4. (40)
Here, σSM and BrSM denote the cross section and the branching ratio under the SM inter-
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actions, with M˜H2 being taken for the Higgs boson mass. The decay width for b¯b receives
non-negligible contributions from QCD corrections [18]. However, the above estimate uses
the ratio for the two models, which is not affected much by the corrections.
Another experimental constraint could come from non-observation of a Higgs-like boson,
other than the observed one, for the mass range smaller than 710 GeV [19]. In the present
model there exist four extra neutral Higgs bosons. However, these Higgs bosons are predicted
to show phenomena different from the SM Higgs boson. For instance, in wide region of
parameter space the second lightest Higgs boson H˜03 has a large branching ratio for the
decay into b¯b. On the other hand, the Higgs boson in the SM would decay into W+W−
and ZZ dominantly, if the mass is larger than twice the W boson mass. In fact, these
decay modes have been explored in experiments for an SM Higgs boson with a large mass.
Therefore, we do not further constrain the parameters by the extra Higgs bosons.
The experimental constraints on the Higgs boson H˜02 are satisfied in wide region of pa-
rameter space. In the following numerical calculations we take two sets of values for |µH |
and |µφ|, (a) |µH| = 300 GeV, |µφ| = 300 GeV and (b) |µH| = 1000 GeV, |µφ| = 1000 GeV,
with |λ| = 1, |m3| = 1000 GeV, Re(M2Q)= Re(M2Uc)=1000 GeV. Two complex phases are
fixed as α1 = π/2 and α2 = −π/4, and the other phases α3, θ0, and θ are kept variable.
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FIG. 1: The ratio Γodd/Γeven of the decay H˜
0
2 → γγ for tan β = 2. The horizontal axis stands for
the phase α3. (a) |µH | = 300 GeV, |µφ| = 300 GeV; (b) |µH | = 1000 GeV, |µφ| = 1000 GeV.
We first show the CP-violating effect on the two-photon decay of the lightest Higgs boson
H˜02 . In Fig. 1 the ratio R of Γodd to Γeven is depicted as a function of α3 for tan β = 2.
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TABLE I: The components of the lightest Higgs boson for tan β = 2.
(a) α1 = pi/2, α2 = −pi/4, α3 = −pi/2, θ0 = −3pi/4, θ = pi/48, (b) α1 = pi/2, α2 = −pi/4,
α3 = 7pi/8, θ0 = −pi/4, θ = pi/24.
h1R h
2
R φR h
1
I h
2
I φI
(a) 0.48 0.87 −0.37× 10−1 0.11 0.40×10−1 −0.25 × 10−1
(b) −0.33 −0.87 -0.15×10−2 −0.34 −0.14 0.35×10−1
With θ0 and θ being varied, if the vacuum is consistent with the experimental constraints,
the ratio R is indicated as a dot. It is seen that the two-photon decay could yield both
CP-odd and CP-even final states at a ratio of order of 10−2 − 10−3. As the value of tan β
becomes large, the ratio decreases; R < 10−4 for tanβ ∼ 10. The dominant contribution
to the decay is mediated by the W boson which does not yield the CP-odd final state, so
that the magnitude of R is not large. For some parameter values, however, both CP-even
and CP-odd components are contained sizably in the Higgs boson, as shown in Table I. The
branching ratio of H˜02 → γγ is around 2 × 10−3, which is not different much from the SM
and compatible with the experimental results. If the Higgs boson is produced at the number
of 106 − 107, the appearance of CP-odd polarization state may be detectable.
Comparable rates for CP-even and CP-odd final states could be observed in the two-
photon decay of the second lightest Higgs boson H˜03 . In Fig. 2 the ratio R of Γodd to Γeven
is depicted for tanβ = 10. In wide region of parameter space the ratio becomes of order of
unity, which holds also for smaller values of tanβ. The mass of H˜03 is shown in Fig. 3, where
the parameter values are further constrained to satisfy 0.1 < R < 10.0. The Higgs boson
with the ratio R ∼ 1 could be rather light enough for detection at the LHC. However, its
phenomenological nature is different much from the Higgs-like boson of the SM. In Fig. 4
the branching ratio of H˜03 → b¯b is shown, together with that of H˜03 → γγ. The decay to b¯b
has the largest branching ratio, while in the SM the Higgs-like boson with a mass larger than
about 200 GeV decays dominantly into W+W− and ZZ. As explicit numerical examples,
we give in Table II the branching ratios for two sets of parameter values. In order to detect
the Higgs boson, it would be necessary to make experimental analyses which are different
from those for searching a Higgs-like boson of the SM. Although the branching ratio of the
12
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FIG. 2: The ratio Γodd/Γeven of the decay H˜
0
3 → γγ for tan β = 10. The horizontal axis stands for
the phase α3. (a) |µH | = 300 GeV, |µφ| = 300 GeV; (b) |µH | = 1000 GeV, |µφ| = 1000 GeV.
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FIG. 3: The mass of the second lightest Higgs boson H˜03 for tan β = 10 under the constraint
0.1 < Γodd/Γeven < 10.0.
two-photon decay is small, both CP-odd and CP-even final states could appear at the rates
of the same order of magnitude. The number of 106 − 107 for the Higgs boson could enable
detection of CP violation.
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FIG. 4: The branching ratios of the second lightest Higgs boson for tan β = 10 under the constraint
0.1 < Γodd/Γeven < 10.0. The upper and lower dots correspond respectively to H˜
0
3 → b¯b and
H˜03 → γγ.
VI. DISCUSSIONS
We have studied the Higgs bosons in the supersymmetric model which has an extra
Higgs superfield of SU(2)-triplet representation. The Higgs sector then induces naturally
violation of CP invariance at tree level, which does not occur in the SM nor in the MSSM.
Although the experimental results for the observed Higgs boson constrain extensions of the
Higgs sector, it has been shown that there is still room for our CP-violating potential. Any
phenomena which do not conserve CP symmetry for the Higgs bosons would provide us an
important clue for physics beyond the SM.
One of the CP-violating effects of the Higgs sector may be observed in the polarization
of the two photons coming from the Higgs boson decay. The observed Higgs boson, which is
consistent with the SM and should then be CP-even, could yield a CP-odd final state at the
ratio of 10−3− 10−2. The second lightest Higgs boson could give both CP-odd and CP-even
states at comparable rates. Although existence of an SM-like Higgs boson has been ruled
out in a wide mass range, the extra Higgs boson has decay property different much from the
SM and thus could have escaped detection. Searching for a new Higgs boson from various
aspects is awaited.
Coexistence of both CP eigenstates for the two-photon decay could also be found in the
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TABLE II: The mass and branching ratios of the second lightest Higgs boson for tan β = 10.
(a) α1 = pi/2, α2 = −pi/4, α3 = 5pi/8, θ0 = −pi/4, θ = pi/48, (b) α1 = pi/2, α2 = −pi/4,
α3 = −5pi/8, θ0 = −23pi/24, θ = pi/48.
mass (GeV) b¯b t¯t W+W− ZZ γγ
(a) 0.40×103 0.89 0.83×10−1 0.36×10−2 0.20×10−1 0.21×10−5
(b) 0.44×103 0.79 0.14 0.67×10−2 0.67×10−1 0.29×10−5
framework of the MSSM, though the Higgs bosons are in either of the CP eigenstates. This
non-conservation is realized by the charginos whose interactions with the Higgs bosons do
not respect CP invariance. However, the mixing of CP eigenstates becomes non-negligible
only through the chargino of oder of 100 GeV, which would be detectable in near future
experiments. In case all the supersymmetric R-odd particles are sufficiently heavy, the
MSSM do not predict CP violation in the Higgs sector, similarly to the SM.
Appendix
The mass-squared matrix M for the neutral Higgs bosons is expressed as the sum of the
matrices M0 and M1 coming respectively from the tree-level potential and the one-loop
potential. The elements for M0 are given by
M011 = M21 + 2r1(1 + 2 cos2 θ1)v21 + r2v22 + r3v20 +
√
2|λµ∗H|v0 cos(α1 + θ0), (A.1)
M012 = 2r2v1v2 cos θ1 cos θ2 − |m21|
+
1√
2
v0{|λµ∗φ| cos(α2 − θ0) + |m3| cos(α3 + θ0)}, (A.2)
M013 = 2r3v1v0 cos θ1 cos θ0 +
√
2v1|λµ∗H | cosα1 cos θ1
+
1√
2
v2{|λµ∗φ| cos(α2 + θ2) + |m3| cos(α3 + θ2)}, (A.3)
M014 = 2r1v21 sin 2θ1, (A.4)
M015 = 2r2v1v2 cos θ1 sin θ2 −
1√
2
v0{|λµ∗φ| sin(α2 − θ0) + |m3| sin(α3 + θ0)}, (A.5)
M016 = 2r3v1v0 cos θ1 sin θ0 +
√
2v1|λµ∗H | sinα1 cos θ1
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+
1√
2
v2{|λµ∗φ| sin(α2 + θ2)− |m3| sin(α3 + θ2)}, (A.6)
M022 = M22 + 2r1v22(1 + 2 cos2 θ2) + r2v21 + r3v20 −
√
2v0|λµ∗H| cos(α1 + θ0), (A.7)
M023 = 2r3v2v0 cos θ2 cos θ0 −
√
2v2|λµ∗H| cosα1 cos θ2
+
1√
2
v1{|λµ∗φ| cos(α2 + θ1) + |m3| cos(α3 + θ1)}, (A.8)
M024 = 2r2v1v2 sin θ1 cos θ2
− 1√
2
v0{|λµ∗φ| sin(α2 − θ0) + |m3| sin(α3 + θ0)}, (A.9)
M025 = 2r1v22 sin 2θ2, (A.10)
M026 = 2r3v2v0 cos θ2 sin θ0 +
√
2v2|λµ∗H | sinα1 cos θ2
+
1√
2
v1{|λµ∗φ| sin(α2 + θ1)− |m3| sin(α3 + θ1)}, (A.11)
M033 = M23 + r3(v21 + v22)− |m22| (A.12)
M034 = 2r3v1v0 sin θ1 cos θ0 −
√
2v1|λµ∗H| cosα1 sin θ1
− 1√
2
v2{|λµ∗φ| sin(α2 + θ2) + |m3| sin(α3 + θ2)}, (A.13)
M035 = 2r3v2v0 sin θ2 cos θ0 −
√
2v2|λµ∗H| cosα1 sin θ2
− 1√
2
v1{|λµ∗φ| sin(α2 + θ1) + |m3| sin(α3 + θ1)}, (A.14)
M036 = 0, (A.15)
M044 = M21 + 2r1v21(1 + 2 sin2 θ1) + r2v22 + r3v20 −
√
2v0|λµ∗H| cos(α1 + θ0), (A.16)
M045 = 2r2v1v2 sin θ1 sin θ2 + |m21|
− 1√
2
v0{|λµ∗φ| cos(α2 − θ0) + |m3| cos(α3 + θ0)}, (A.17)
M046 = 2r3v1v0 sin θ1 sin θ0 +
√
2v1|λµ∗H | sinα1 sin θ1
+
1√
2
v2{|λµ∗φ| cos(α2 + θ2)− |m3| cos(α3 + θ2)}, (A.18)
M055 = M22 + 2r1v22(1 + 2 sin2 θ2) + r2v21 + r3v20 −
√
2v0|λµ∗H| cos(α1 + θ0), (A.19)
M056 = 2r3v2v0 sin θ2 sin θ0 +
√
2v2|λµ∗H | sinα1 sin θ2
+
1√
2
v1{|λµ∗φ| cos(α2 + θ1)− |m3| cos(α3 + θ1)}, (A.20)
M066 = M23 + r3(v21 + v22) + |m22|, (A.21)
where the extremum conditions in Eqs. (18)-(22) are not taken into account. The elements
for M1 are given by
M122 =
3
8π2
m4t
v22
cos2 θ2 log
M2t1M
2
t2
m4t
, (A.22)
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M155 =
3
8π2
m4t
v22
sin2 θ2 log
M2t1M
2
t2
m4t
, (A.23)
M125 =
3
8π2
m4t
v22
sin θ2 cos θ2 log
M2t1M
2
t2
m4t
. (A.24)
The indices i, j (=1-6) are in order of (h1R, h
2
R, φR, h
1
I , h
2
I , φI).
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